Abstract The fate of effluent organic matter (EfOM) during groundwater recharge was investigated by studying the removal behavior of four bulk organic carbon fractions isolated from a secondary effluent: Hydrophilic organic matter (HPI), hydrophobic acids (HPO-A), colloidal organic matter (OM), and soluble microbial products (SMPs). Short-term removal of the bulk organic fractions during soil infiltration was simulated in biologically active soil columns. Results revealed that the four organic fractions showed a significantly different behavior with respect to biological removal. HPI and colloidal OM were prone to biological removal during initial soil infiltration (0-30 cm) and supported soil microbial biomass growth in the infiltrative surface. Additionally, colloidal OM was partly removed by physical adsorption or filtration. HPO-A and SMPs reacted recalcitrant towards biological degradation as indicated by low soil biomass activity responses. Adsorbability assessment of the biologically refractory portions of the fractions onto powered activated carbon (PAC) indicated that physical removal is not likely to play a significantly role in further diminishing recalcitrant HPO-A, HPI and SMPs during longer travel times in the subsurface.
Introduction
The fate and transport of effluent derived bulk organic carbon during groundwater recharge has been the focus of a number of studies in the past decades assessing the behavior of bulk organic matter and organic trace pollutants during travel through subsurface systems (Fox et al., 2001) . Since the exact composition of effluent organic matter (EfOM) on a molecular level is in most parts unknown the behavior of this complex mixture is commonly investigated by isolating bulk organic fractions followed by advanced chemical characterization (Rostad et al., 1997; Drewes et al., 1999; Drewes and Croue, 2002; Leenheer et al., 2001) . The majority of bulk organic carbon removal at recharge sites occurs in the initial infiltration zone (Quanrud et al., 1996) . In this biologically active layer effluent derived HPI was significantly removed by biodegradation and HPO were removed by a combination of degradation and physical adsorption. In particular high molecular weight compounds were efficiently removed in the infiltration layer (Fox et al., 2001) . Quanrud et al. (2003) also found in batch degradation tests that approximately 45 percent of effluent derived HPI and HPO were easily biodegradable. With increasing detention time in the subsurface the relative portions of degradable organics in both fractions decreased significantly indicating that the majority of HPI and HPO carbon were removed by biological decay during initial recharge.
The fate of effluent derived colloidal OM during groundwater recharge is unknown and has not been studied so far. Barber et al. (2001) found that sewage derived colloids were effectively removed during wetland treatment but this study did not further investigate the mechanisms underlying this removal. Kwon et al. (2002) also observed in batch tests that approximately 40 percent of colloids extracted from surface water were removed by biodegradation.
Soluble microbial products are generated during secondary wastewater treatment by biological processes. The fate of SMPs during soil-aquifer treatment (SAT) and their exact chemical composition is presently unknown. SMPs are, however, assumed to be a major source of refractory organic carbon in groundwater recharge systems (Drewes and Fox, 1999) .
The scope of this study was to provide a better understanding on fate and transport behavior of four bulk fractions, HPI, HPO-A, colloidal OM, and SMPs. By applying a novel approach of combining advanced carbon characterization with soil microbial activity measurements, this study contributes to a better understanding of underlying removal mechanism for each bulk organic fraction and thereby to a better mechanistic understanding for overall EfOM removal during groundwater recharge.
Methods

Isolation of bulk organic fractions
HPI and HPO-A were isolated from a secondary treated domestic effluent according to Leenheer et al. (2000) by fractionation using chromatographic resin . Approximately 1,000 L effluent were pre-filtered by microfiltration (Desal, EW 4040F, nominal molecular weight cut-off (MWCO) = 0.04 µm). The filtered effluent was then concentrated by reverse osmosis (RO) (XLE, Dow/Filmtec, nominal MWCO = 100 Dalton) by a concentration factor of 4 and subsequently desalted using electrodialysis (ED-1 stack, Electrosynthesis; ACS/CMS membranes, Ashiglass, Japan). The final concentrate was used for subsequent XAD-isolation. Total recovery of organic matter during sample concentration procedure was 68 percent. Losses were mainly attributed to the loss of small molecular weight compounds. The concentrated effluent was acidified to a pH of 4 and stored at 4°C pending further analysis with no further loss of dissolved organic carbon (DOC). For the isolation of HPI and HPO-A, 4 L of the concentrated effluent (adjusted to pH 2, 22°C) were passed through XAD-8 resin (Rohm & Haas/Philadelphia PA) with a capacity factor of k′ = 4. HPI was collected as the non-adsorbable fraction of the sample. HPO-A were subsequently recovered from the resin by 0.1 N sodium hydroxide desorption.
Colloidal OM (6,000 Dalton to 1 µm) was isolated from freshly collected secondary effluent following Leenheer et al. (2000) with some modifications. In short, 100 L of 1 µm filtered effluent were pre-concentrated by vacuum rotary evaporation to about 800 mL at 45°C. The concentrate was adjusted to pH 4-5, vortexed for 30 minutes to dissolve organic precipitates and then fractionated by dialysis (Spectra/Por, Spectrum, 6,000-8,000 Dalton) against milli-Q water (pH 4-5) that was daily exchanged. Dialysis was conducted until total organic carbon (TOC) concentrations in permeate remained below 1 mg/L. Effluent organic matter (EfOM) derived from freshly collected secondary effluent (1 µm pre-filtered) was used to study the removal of EfOM in comparison to the isolated bulk organic fractions. Soluble microbial products (SMPs) were generated in a wastewater treatment pilot plant with a design capacity of 100 L/day (Table 1) .
The plant was seeded with wastewater return sludge from a local domestic wastewater treatment plant during start-up. The synthetic wastewater consisted of two carbon sources, glucose and glutamic acid sodium salt. Secondary effluent was collected at steady-state operation of the plant and passed over a biologically active rapid sand filter column. After contact times of 10-15 hrs in the rapid sand filter reductions in DOC concentrations leveled off. Residual DOC was concentrated for further experiments by RO (XLE, Dow/Filmtec).
Microbial activity measurements
Soil biomass activity was measured by dehydrogenase activity (DHA) (Fonseca et al., 2001) . Total viable biomass was quantified using phospholipid extraction (PLE) (Findlay T. Rauch and J.E. Drewes et al., 1989) . Detailed protocols of microbial activity measurements are described in Rauch and Drewes (submitted) .
Chemical analysis
DOC and UV absorbance (UVA) of aqueous samples were analyzed after 0.45 µm filtration (Whatman) on a Sievers 800 Total Organic Carbon analyzer and a 8740 scanning spectrophotometer (Nicolet) at 254 nm. Colloidal OM was also quantified as DOC and UVA since organic carbon measurements were not significantly different after 1 µm and 0.45 µm filtration. The specific UV absorbance (SUVA) is the ratio of UVA (1/m) to DOC (mg/L). The molecular weight distribution of the organic fractions in aqueous samples was determined by size-exclusion chromatography (SEC) using a LC-600 Liquid Chromatograph (Shimadzu) coupled with a SPD-10 A VP UV-VIS Detector (Shimadzu) at 254 nm and a modified Sievers 800 Turbo Portable TOC analyzer as described by Her et al. (2002) .
Column studies
Organic carbon removal during the initial infiltration of groundwater recharge was simulated using plexiglass columns (30 cm length, 6.5 cm i. d.) filled with silica sand (d 50 = 0.65 mm, f oc = 0.004%). Five columns were continuously fed with the four different carbon fractions and the bulk effluent, respectively over a duration of four months under saturated, aerobic flow conditions at a flow rate of 0.4 mL/min (flow-through columns). These columns were equipped with an aqueous sampling port at 10 cm depth. Feed DOC concentrations in each carbon fraction were adjusted to 5 mg/L. The inorganic background of each sample influent was adjusted as listed in Table 2 and micronutrients were added. Three times a week DOC and UVA were measured at 0, 10 and 30 cm depth relating to 0, 8, and 18 hours average detention time within the columns.
In order to determine the total amount of biodegradable dissolved organic carbon in each bulk organic fraction four additional columns of the same set-up were fed with HPO-A, HPI, colloidal OM and bulk EfOM, respectively under unsaturated flow conditions. In each set-up the column effluent was recycled back into the column (recycle columns). Prior to experiments the recycle columns were biologically acclimated by infiltration of fresh feed water of the respective bulk fraction for a duration of several weeks. Approximately 5 L of each sample were infiltrated at a flow rate of 30 mL/min. Similar to the flow-through column experiments, initial DOC concentrations were adjusted to 5 mg/L and all samples were adjusted to the same inorganic matrix (Table 2 ). Organic carbon removal was quantified by monitoring DOC and UVA daily. Within 4-10 days of infiltration (corresponding to approximately 6-13 hrs of effective contact time of the sample in the columns) the reduction of DOC in the samples became less and started to level off. At this point infiltration was stopped and biodegradable DOC was defined for each fraction as the DOC differential between beginning and end of the column experiments. Refractory DOC was operationally defined as the remaining DOC portion in each fraction that was not removed in the recycle columns.
PAC adsorption tests
After recycle column tests were conducted the refractory portion of HPI, HPO-A and SMP were further characterized with regard to their adsorbability onto powered activated carbon (PCO Super, Pica) as described by Drewes and Jekel (1997) . Adsorption isotherms were determined after 24 hrs and samples were adjusted to pH 7 and a conductivity of 1500 µS/cm with sodium chloride prior to experiments. Isotherms were modeled with the software package Adsorption Analysis (ADSA).
Results and discussion
Fractionation XAD fractionation showed that the secondary effluent contained equal amounts of HPO-A and HPI (45 percent) (Figure 1 ). In average 10 percent of the EfOM were hydrophobic neutrals (HPO-N), which were not recovered during fractionation. Colloidal OM constituted approximately 16.5 percent of EfOM. Similar distributions of HPO-A, HPI and HPO-N have been found in other wastewater effluents (Drewes et al., 1999) . SUVA values for all bulk organic fractions were distinctively different (Figure 1 ). SMPs showed average SUVA values of 2.3 ± 0.07 L/(mg m) after rapid sand filtration. This indicates that HPI and colloidal OM contained a relatively high amount of aliphatic organic structures while HPO-A and SMPs were rich in aromatic carbon.
SEC revealed also significant differences in the molecular size distribution between the different fractions (Figure 2 and 3, baselines were shifted for visual purposes).
T. Rauch and J.E. Drewes 6.5-7.5 Conductivity (µS/cm) 1,000-2,000 The fingerprint of RO concentrated EfOM (Figure 2 ) was characterized by four peaks: high molecular weight polysaccharides (PS, 2,000 sec.), humic substances (HS, 3,000 sec.), humic substance building blocks (BB, 3,300 sec.), and low molecular weight acids (LMWA, 4,300 sec.). HPO-A were characterized by effluent derived HS (Figure 3 ). PS and LMWA were enriched in HPI. HPI contained less HS than HPO-A but a higher portion of BB. Colloidal OM was dominated by high molecular weight compounds proving a good separation performance of the dialysis isolation approach (Figure 3 ). The fingerprint of the SMPs (Figure 2) shows that biological transformation of glucose and glutamic acid during secondary treatment resulted in the generation of refractory complex carbon structures such as PS, LMWA, and humic substance like material that resemble EfOM characteristics.
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Biodegradability of organic bulk fractions
Soil column experiments in flow through mode simulated initial soil infiltration during groundwater recharge. Results show that the removal behavior of HPO-A, HPI, and colloidal OM were significantly different (Figure 4) . At 30 cm depth HPO-A were removed by 10.7 ± 1 percent, HPI by 29.1 ± 7.2 percent and colloidal OM by 67.5 ± 4 percent as DOC, respectively. After travel through 30 cm, 74.5 ± 11.1 percent of EfOM DOC remained. It becomes obvious that EfOM reduction during initial infiltration was dominated by removal in HPI and colloidal OM. The majority of removal in all bulk fractions occurred in the first 10 cm of soil infiltration. This behavior was, however, less evident for colloidal OM, which follows a nearly linear removal throughout the column. This indicates that the mechanisms contributing to colloidal OM removal might differ from those of HPI and HPO-A. The removal behavior for the different bulk organic fractions was simulated in terms of absolute concentrations using the software package Inplot (Graphpad, Inc.): . .
The removal of EfOM, HPI and HPO-A followed well 1st order kinetics, whereas colloidal OM removal was better simulated by a linear trend. In order to determine the refractory portion of the bulk fractions, in a second approach HPO-A, HPI, colloidal OM and bulk EfOM were applied on the recycle columns. All bulk organic fractions showed a higher removal in the recycle columns (Table 3 ) with the exception of colloidal OM. Colloids were by 19.5 percent significantly less removed during recycle mode in comparison to the flow-through columns. Considering results in both column systems, it can be assumed that colloidal OM was at least partly removed by physical adsorption or filtration. This is supported by the observation that DOC concentrations in the recycle column effluent increased rapidly (within 1 day) to 70-100 percent of the initial colloid concentration after 50 percent average removal was achieved (data not shown).
The lower removal efficiency of colloidal OM in the recycle column could therefore be caused by a colloid remobilization and breakthrough under unsaturated high flow rate conditions after the physical removal capacity of the column material was saturated. Comparing results from both column operations also shows that the removal of easily biodegradable carbon of the HPI, HPO-A and EfOM is nearly completed after the first few decimeters of infiltrative surface. At comparable feed concentrations in both column systems, HPI was removed by only an additional 5 percent, HPO-A and bulk EfOM by 6 and 11 percent, respectively, compared to the flow through column systems.
Bioactivity measurements
In order to gain a better understanding for the mechanisms contributing to the removal of the individual bulk organic fractions soil microbial activity was measured in each column after continuous operation of three months. Sand samples were taken from the top of the columns and analyzed for PLE (indicating total viable biomass) and DHA (indicating heterotrophic microbial activity) ( Figure 5 ). All columns were operated for the same time period, DOC feed concentrations were comparable in all columns throughout operation and the inorganic background of all samples was alike. It was therefore assumed that differences in biomass growth on the column media were caused only by differences in organic substrate availability. Both microbial assays, DHA and PLE, correlate well in their results and reveal a significantly different biomass yield in response to the different bulk organic fractions used as feed water. HPO-A and SMPs resulted in the lowest biomass response indicating that these fractions are poorly biodegradable. According to both assays, colloidal OM supported the highest biomass activity of all bulk organic fractions. This result suggests that biological breakdown is an important mechanism for organic colloid removal during initial soil infiltration. This degradation is, however, unlikely to lead to a complete mineralization of the high molecular weight compounds (see discussion above). HPI sustained a slightly higher biomass yield in the flow through column indicating a slightly higher bioavailability of this fraction. Even though bulk EfOM showed comparable organic removal to HPI in both column systems and less removal compared to colloidal OM ( Figure 4 , Table 3 ), DHA and PLE both reflect a higher level of biomass present in columns fed with bulk EfOM ( Figure 5) . A possible explanation for this observation is that the larger diversity of organic substrates present in bulk EfOM stimulated a higher diversity and abundance in the microbial biomass community in columns fed with EfOM as compared to the columns fed with merely a single fraction of this EfOM. Ammonium was added to the column influents at a low concentration (see Table 2 ) to the bulk organic fractions to avoid significant growth of nitrifying bacteria in the columns. A comparison of both column systems showed that relative differences in biomass activities between the bulk organic fractions were more developed in the flow-through versus recycle columns. This might be an effect of the different organic loading rates applied to both columns, since in contrast to the recycle systems the flow-through columns were continuously fed with fresh organic substrate throughout the course of the experiment.
Adsorption tests
Adsorbability of the refractory portion of the bulk organic fractions was assessed through adsorption onto activated carbon. PAC offers optimal adsorption conditions in comparison to aquifer materials. It is helpful in assessing potential post-treatment strategies for organic residuals in recharged groundwater. Results of the recycle column and adsorption tests are summarized in Table 4 . SUVA increased in all bulk organic fractions during recycle column tests indicating that aliphatic compounds were preferable degraded and possibly transformed into more aromatic structures. Aromatic carbon was, however, better removed by adsorption onto PAC, which is reflected by decreasing SUVA values for the nonadsorbable portion of all bulk organic fractions, with the exception of SMPs. The majority of refractory carbon of HPO-A, HPI and SMPs was not or only very poorly adsorbable onto PAC (K f < 20, Figure 6 ). Approximately 20-25 percent of HPI and SMPs were at least poorly adsorbable, but roughly a third of organic matter in these fractions was not adsorbable (K f ≤ 3). HPO-A were least prone to be removed by physical adsorption in aquifers or by post-treatment. Three thirds of non-degradable HPO-A were also only very poorly adsorbable (K f = 10) onto PAC.
Conclusion
The fractionation of EfOM generated organic isolates that showed distinctively different removal during initial soil infiltration. Removal efficiency ranked highest for colloidal OM, followed by HPI and HPO-A. Removal behavior of HPI and HPO-A resembled first order kinetics whereas colloidal OM followed a linear removal. Low soil biomass activity responses for HPO-A and SMPs indicate that these substances were in their majority refractory in nature. The majority of biological removal in the HPI and HPO-A fraction occurred in the first 30 cm of soil infiltration in the flow through columns. Secondary treatment of a synthetic effluent resulted in the generation of SMP that were complex, aromatic and refractory in nature and comprised approximately 1.5 to 2 percent of the organic carbon substrate fed to the wastewater treatment system. The adsorption potential for refractory residuals of HPO-A, HPI and SMPs onto PAC proved to be poor, making PAC adsorption less attractive as a potential post-treatment option for recovered groundwater. Drewes, J.E., Sprinzl, M., Soellner, A., Williams, M.D., Fox, P. and Westerhoff, P. (1999) . Tracking residual dissolved organic carbon using XAD-fractionation and 13 C-NMR Spectroscopy in indirect potable reuse systems. Vom Wasser, 93, 95-107. In German. Drewes, J.E. and Fox, P. (1999) . Fate of natural organic matter during groundwater recharge using reclaimed water. Wat. Sci. Tech., 40(9), 241-248. 
